The anterior-posterior (A-P) and dorsal-ventral (D-V) axes of the early Drosophila embryo are established by two key maternal morphogens: bicoid (bed) and dorsal (dl), respectively. The bed protein is expressed in a broad concentration gradient along the A-P axis, with peak levels present at the anterior pole, while dl is expressed in a gradient along the D-V axis with peak levels along the ventral surface. The two morphogens are unrelated and their gradients are formed by distinct processes. Nonetheless, we have obtained evidence that they gen erate sharp on/off stripes of target gene expression through a similar mechanism. Both morphogens estab-
Introduction
We are interested in understanding how morphogens con trol development. In particular, how do gradients of mor phogens generate sharp patterns of gene expression in the early Drosophila melanogaster embryo? There are two key maternal morphogens in Drosophila, bicoid (bed) and dorsal (dl) (for review, see St Johnston and Nusslein-Volhard, 1992) . These are expressed during oogenesis and are present in the unfertilized egg. The bed morphogen is important for the specification of cell identity along the anterior-posterior (A-P) axis. The protein is distributed in a broad concentration gradient in early embryos, with peak levels at the anterior pole and progressively lower levels in more posterior regions. In contrast, dl is uniformly expressed along the A-P axis, but is graded along the dorsal ventral (D-V) axis, with peak levels along the ventral sur face and progressively lower levels in more lateral and dorsal regions (Steward et al., 1988) . This dl gradient is important for establishing different tissues along the D-V axis.
Although the bed and dl proteins are both sequencespecific transcription factors, they are completely unrelated. bed contains a homeobox (Frigerio et al., 1986; Berleth et al., 1988) , while dl contains the REL domain and is related to the mammalian regulatory factor NF-kB and the onco protein rel (Steward, 1987; Ghosh et al., 1990; Kieran et al., 1990) . In addition, the bed and dl gradients are formed through totally different processes. In the case of bed, the lish overlapping patterns of transcriptional activators and repressors in the early embryo. The activators and repressors bind to closely linked sites within short (300 to 500 bp) target promoter elements that have the prop erties of on/off switches. The activators act in concert with the morphogen to define a broad region where target genes can be initiated. Borders of target gene expression are established by the repressors, resulting in the formation of stripes.
Key words: Drosophila, embryogenesis, morphogen, stripes, repression. mRNA is trapped at its site of entry at the anterior pole of growing oocytes (Frigerio et al., 1986; Macdonald and Struhl, 1988) . This mRNA serves as the source of the mor phogen, which is translated in anterior regions and diffuses into more posterior regions (Driever and Nusslein-Volhard, 1988) . In contrast to this process of mRNA localization, the dl gradient is formed by regulated nuclear transport (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989) . The dl protein is initially detected throughout the cytoplasm of unfertilized eggs and early embryos. About 90 minutes after fertilization, protein in ventral regions enters nuclei while that present in dorsal regions remains in the cytoplasm. Despite these considerable differences, we have obtained evidence that the two morphogens use a similar strategy to produce sharp patterns of gene expression, particularly stripes, in the early embryo.
To understand how the bed and dl morphogens work, we have analyzed the expression of target genes that they directly regulate. W e have examined several such genes, but here we will focus on two: the bed target even-skipped (eve) and the dl target rhomboid (rho).
The expression patterns of target genes
eve encodes a homeodomain protein that plays an impor tant role in segmentation: mutant embryos that lack eve pro tein fail to form segment borders (Nusslein-Volhard et al., 1985; Harding et al., 1986; Macdonald et al., 1986) . The eve protein is initially expressed throughout all embryonic nuclei at about 2 h after fertilization. During a short period, This construct directs the expression of two ventral lateral stripes. just 20 to 30 min, this general staining pattern gives way to a series of 7 transverse stripes (see Fig. 1A ; . When they are first formed, the stripes are broad and symmetric, with each including about 5 to 6 nuclei. During another 30 to 60 min, leading to the onset of gas trulation, the stripes are refined to include just 2 or 3 cells. In addition, by this time each stripe shows clear polarity with peak levels of protein at the anterior margin and lower levels in more posterior cells. Genetic studies suggested that the formation o f the initial broad stripes depends on the gap class of segmentation genes Goto et al., 1989) . The subsequent refinement of the stripes involves eve autoregulation (Jiang et al., 1991b) . We have analyzed the regulation of several of the eve stripes, but the one that has been examined in the most detail is stripe #2. It is expressed in an anterior region of the embryo, at the future boundary between the posterior head and anterior thorax.
rho encodes a putative transmembrane receptor protein that plays an important role in the differentiation of the ven tral epidermis that arises from the neuroectoderm (Mayer and Nusslein-Volhard, 1988 ). The gene is expressed in a highly dynamic pattern that includes a number of different tissues during embryogenesis (Bier et al., 1990) . The initial pattern includes two ventral-lateral stripes that extend along the length of the embryo. Each of these stripes is about 8 to 10 cells wide and covers the presumptive neuroectoderm, which gives rise to the neurons of the CNS and the ventral epidermis.
First we will consider eve stripe 2 and then describe the regulation of the rho lateral stripes. We will then summa rize the very striking parallels in the regulation of these two patterns.
eve stripe 2 The first step in the regulation of stripe 2 by bed is the activation of the gap genes. Two of the best characterized gap genes, hunchback (hb) and Kruppel (Kr) (Tautz et al., 1987; Knipple et al., 1985; Preiss et al., 1985) . have been shown to encode proteins that are expressed in broad, over lapping domains in precellular embryos (Stanojevic et al., 1989) . hb is initially expressed in the anterior half of the embryo, while K r is expressed in central regions. Both pro teins contain zinc fingers (Tautz et al., 1987; Knipple et al., 1985) , but with regard to stripe 2 regulation (see below), hb functions as a transcriptional activator while Kr is a repressor, hb and Kr represent just two of the five gap genes, and together they encode a series of transcriptional activators and repressors that span the length of the embyro. We wish to understand how these different per mutations of gap gene expression generate on/off stripes o f eve expression.
To address this issue we have examined the interaction of gap proteins with defined regions of the eve promoter. These studies have been facilitated by the demonstration that different regions of the eve promoter control the expression of individual stripes (Goto et al., 1989; Harding et al., 1989) . For example, a 500-bp fragment located between about -1 .6 kb and -1.1 kb is sufficient to direct expression of stripe 2 (Fig. IB) , while a different 500-bp fragment between -3.8 kb and -3 .3 kb is responsible for stripe 3. We have investigated the genetic regulation of stripe 2 by examining the expression of the eve stripe 2-LacZ fusion gene in a variety of segmentation mutants. These experiments, along with previous studies, have iden tified four key regulatory genes that control the expression of the stripe. Two of the genes function as activators while two are repressors. The genetic regulation of stripe 2 is summarized in Fig. 2A terior regions. The key conclusion of the genetic studies is that repression plays the decisive role in defining the stripe borders (Goto et al., 1989; Small et al., 1991) . The bed and hb activators merely serve to define a broad domain where the stripe can be expressed. The importance of repression is illustrated by examining the expression of stripe 2-LacZ fusion genes in early embyros (Small et al., 1992) . We have shown that by the onset of cellularization they are expressed in tight stripes. How ever, at earlier stages (nuclear cleavage cycle 12 and 13), these same fusion genes are expressed in very broad pat terns covering most of the anterior half of the embryo. During a period of just 20 to 30 min this broad pattern is refined into stripe 2. First the posterior border is established, and then the anterior border. The kinetics of this refinement process correspond quite well with the known time of appearance of the stripe 2 regulators. The bed and hb acti vators are maternally expressed and present prior to the time when the Kr and gt repressors first appear.
The first indication that bed, hb, gt and Kr might directly regulate stripe 2 expression came from DNA binding studies. All four genes encode sequence-specific DNA bind ing proteins which interact with multiple sites in the eve stripe 2 promoter element (Stanojevic et al., 1989; . There are a total of 12 factor binding sites, 6 activators and 6 repressors ( Fig. 2A) . Interestingly, there is very close linkage of bed/hb activator sites and gt/Kr repres sor sites. This linkage suggests that gt and Kr define the stripe borders through a short range mechanism of tran scriptional repression. Several lines of evidence suggest that the stripe 2 element functions as a genetic on/off switch to produce a stripe of gene transcription. In anterior regions, there are high levels of bed and hb, which bind to the six activator sites and turn the stripe 2 element on. In pro gressively more posterior regions, there are increasing amounts of Kr, which binds to the three Kr repressor sites. This blocks the binding or activities of the bed and hb acti vators, which leads to repression and the formation of the posterior stripe border. Similarly, in anterior regions con taining high levels of gt, the gt repressor sites are filled, leading to the formation of the anterior border.
The most critical test of this switch model involves dis rupting individual binding sites in the context of otherwise normal eve-LacZ fusion genes. The first experiments that were done involved the use of a large region of the eve pro moter, spanning the first 5.2 kb of 5' flanking sequence (Stanojevic et a l, 1991) . This not only directs the expression of stripe 2, but also drives equally intense expression of stripes 3 and 7. Thus, these latter stripes serve as internal controls of even mild disruptions in stripe 2 expression. Disruptions in all three gt binding sites have no effect on stripes 3 and 7, but there is a pronounced ante rior expansion o f stripe 2, similar to that observed in g tmutants. This result provides strong evidence that gt directly interacts with the stripe 2 element to repress tran scription and form the anterior border of the stripe. In con trast, mutations in 2 of the 6 activator sites (2 bed sites) result in a marked reduction in the levels of stripe 2 expression relative to stripes 3 and 7. This suggests that bed directly interacts with the stripe 2 element to activate transcription. Although mutations in the bed sites reduce expression, the residual stripe is expressed within the normal limits, underscoring the importance of the repres sors in defining the stripe borders.
Future studies will focus on understanding how relatively small changes in the ratios of activators and repressors lead to an on/off switch in transcription. Consider the anterior border of the stripe. A cell just anterior to the anterior-most cell in stripe 2 contains about the same levels of the bed and hb activators as its neighbor, yet does not express eve. Co-immunofluorescence staining suggests that there may be no more than a 2-fold difference in the levels of the gt repressor present in these two cells. How does this 2-fold reduction in gt give an on/off switch in eve transcription? Detailed biochemical studies will be required for a com plete answer to this question, but recent observations suggest that the key to the on/off switch involves cooper ative interactions among the bed and hb activators. There are catastrophic reductions in the levels of expression when individual activator binding sites are disrupted in the con text of the minimal 500-bp stripe 2 element. There are 5 bed binding sites in this element and mutations in either of the two right-most bed sites cause nearly a complete loss of expression. Mutations in either the middle bed site or the solo hb site cause a substantial reduction in expression (Small et al., 1992) . These results suggest that cooperative interactions among the activators are required for turning the stripe 2 element on. The binding of the gt or Kr repres sor would have to interfere with just one or two of the acti vators in order to effectively repress transcription and form the stripe borders.
rhomboid lateral stripes
We are also studying the regulation of stripes of gene expression along the dorsal-ventral (D-V) axis of the early embryo, which involves the dl morphogen. To contrast crudely the bed and dl morphogens, consider muscle cells stretched along the length of the embryo, bed controls the expression o f segmentation genes such as eve, which aré responsible for making the muscles different in the head versus tail. In contrast, dl is responsible for the formation of muscle in the first place. Thus, the regulation of gene expression along the D-V axis is a problem of tissue differ entiation.
Genetic studies suggest that the dl morphogen gradient is responsible for establishing three basic embryonic tissues: mesoderm, neuroectoderm and dorsal ectoderm (summarized in Fig. 2B ). Peak levels of the protein in ven tral regions activate regulatory genes, including twist {twi) and snail (sna), which are important for the formation of the mesoderm (Simpson, 1983; Thisse et al., 1987) . Low levels o f dl in lateral regions coincide with genes that are expressed within the neuroectoderm, dl also functions as a transcriptional repressor, and restricts the expression of cer tain genes to dorsal regions where they are important for the differentiation of the dorsal ectoderm St Johnston and Gelbart, 1987) . W e have become interested in determining how dl regulates the expression of neuroectodermal regulatory genes in lateral regions of the early embryo.
rho is expressed in two ventral lateral stripes that extend along the length of the embryo (Fig. 1C) . Each rho stripe is about 8 to 10 cells in width and encompasses most or all of the presumptive neuroectoderm. A 300-bp region of the rho promoter is sufficient to direct expression of a LaeZ reporter gene within the limits of the ventral-lateral stripes (Ip et al., 1992b) . Experimental results suggest that the dl morphogen acts in concert with two of its targets, twi and sna, to establish the rho stripes (summarized in Fig. 2B ).
twi and sna encode regulatory proteins containing a basic helix-loop-helix (bHLH) and zinc fingers, respectively (Thisse et al., 1988; Boulay et al., 1987) . Mutations in either gene block the formation of the ventral furrow and prevent differentiation of the mesoderm. The sna and twi expression patterns overlap, but the dorsal limits of twi extend beyond the sna pattern, since intermediate levels of dl in ventral lateral regions are sufficient to activate twi but not sna (Jiang et al., 1991a; Ip et al., 1992a) . twi functions primarily as a transcriptional activator that is required for the activa tion of target genes such as nautilus (Michelson et al., 1990) , which are expressed in specific cell types in the mesoderm. While twi is expressed in a ventral-to-lateral gradient, with peak levels present in ventral regions, sna is expressed at uniformly intense levels throughout the pre sumptive mesoderm. Furthermore, the expression of sna is tightly restricted, and the dorsal limits of its expression abruptly end at the boundary between the mesoderm and neuroectoderm. These sharp sna borders represent a key early step in mesoderm differentiation, and are reminiscent o f the sharp anterior margins of the pair-rule genes eve and ftz ■ Double staining studies indicate that a number of neu roectodermal regulatory genes, such as T3 (lethal o f scute) and rho, are expressed in patterns that abut, but do not cross, the sna borders. These observations prompted the proposal that sna is responsible for establishing the boundary between mesoderm and neuroectoderm (Kosman et al., 1991; Leptin, 1991) .
The first indication that dl, twi and sna might directly regulate the rho lateral stripes came from DNA binding studies. The minimal 300-bp rho promoter element that is sufficient for these stripes, the NEE (neuroectoderm ele ment), contains a total of ten dl, twi and sna binding sites (summarized in Fig. 2B ). As was seen for the eve stripe 2 element, there is clustering of the factor binding sites, and close linkage between activator and repressor sites. For example, none of the four dl binding sites maps more than 50 bp away from a sna repressor site. In addition to the four dl activator sites, there are two twi sites, as well as two 'E box' sequences that resemble the binding sites for the prototypic E12/E47 and daughterless (da) proteins (Murre et al., 1989) . We have obtained evidence that this rho NEE functions as an on/off switch. In the ventral half of the early embryo, there are high levels of dl and twi. These proteins fill the activator sites and switch the NEE on. In ventral regions there are high levels of sna, which fill the repressor sites and switch off expression by inter fering with the binding or activities of nearby activators. Repression might involve a competition mechanism, since sna binds to sequences similar to the divergent E box rec ognized by the bHLH proteins. In fact, at least one of the twi binding sites, t2, is also recognized by the sna repres sor (see Fig. 2B ).
Evidence that the NEE functions as a switch element was obtained by mutagenizing individual factor binding sites in the context o f otherwise normal rho-LacZ fusion genes. Point mutations that disrupt three of the four dl sites virtu ally abolish expression, suggesting that dl directly interacts with the rho NEE to activate its transcription. Mutations in the two twi sequences cause a substantial reduction in expression. This is consistent with the possibility that twi directly activates the NEE, although it should be noted that bHLH proteins all recognize related E box sequences in vitro, and it is conceivable that other, as yet unidentified, bHLH proteins might contribute to rho expression. The most dramatic result was obtained when the 4 sna repres sor sites were mutagenized. This experiment was done in a way that does not interfere with the binding of twi to overlapping or neighboring activator sites. Disrupting the sna binding sites causes a complete derepression of the rho pattern, such that staining extends throughout ventral regions that correspond to the presumptive mesoderm. This result suggests that sna directly represses rho transcription, and provides evidence that it is directly responsible for establishing the boundary between the mesoderm and neu roectoderm (Ip et al., 1992b) .
In conclusion, dl and twi act in concert to define a broad region in the ventral half o f the embryo where rho can be activated (summarized in Fig. 2B ). The ventral limits of the rho lateral stripes depend on selective repression by sna. This situation is similar to the regulation of eve stripe 2, where repressors are crucial for establishing the borders. It is possible that the dorsal limits o f the rho stripes are formed by limiting amounts of the dl and/or twi activators. 
Discussion
There are remarkable parallels between the regulation of eve stripe 2 and the rho lateral stripes, as summarized in Fig. 3 . In the case of stripe 2, the bed morphogen activates a 'helper', hb, and together these genes define a broad region where stripe 2 can be turned on. bed also activates a repressor, gt, which is responsible for defining the ante rior border of the stripe. Similarly, dl activates twi, and it appears that these 2 genes are able to initiate the rho NEE in the entire ventral half of the embryo, dl also activates sna, which defines the ventral limit of the rho stripes. In addition to the obvious parallels in the two regulatory cir cuits, in both cases the encoded proteins interact with short (300 to 500 bp) elements which generate stripes. For the most part the two sets of proteins are distinct, bed contains a homeobox and hb contains zinc fingers,' while the gt repressor contains a basic leucine zipper domain. In con trast, dl contains a REL domain and probably interacts with bHLH proteins; the sna repressor contains zinc fingers. Despite these differences the outcome is the same: stripes. W e propose that the tight clustering of activator and repressor sites observed for the eve stripe 2 element and the rho NEE reflects weak protein-protein interactions among the regulatory factors active in the early embryo. Studies on gene regulation, primarily in mammalian systems, have identified instances of strong protein-protein interactions, such as jun-fos interactions (Gentz et al., 1989 ). But we believe that such interactions represent the minority of the cases. Overall, it is likely that the combinatorial control of gene expression depends on weak interactions. Perhaps weak interactions can work to turn promoters on and off coordinately if the interacting factors are bound to closely linked sites. In a sense, the evolution of pattern in the early embryo may involve bringing factor binding sites into close proximity within small promoter elements. This notion can be tested by determining whether random combinations of regulatory prateins present in the early embryo can be made to interact by juxtaposing their binding sites. A strength of the Drosophila system is that many of the regulatory fac tors active in the early embryo have been identified, and their expression patterns have been determined in precellular embryos. By knowing these expression patterns it is pos sible to predict the novel patterns that should be obtained when two factors are able to interact. For example, if bed activator sites in the eve stripe 2 element are replaced by dl binding sites, then a hemistripe of expression in the ven tral half of the embryo should be observed.
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